The diffraction limited spot size in optical recording can be decreased by use of the Solid Immersion Lens (SIL). The simplest form of the SIL utilizes a hemispherical lens with the rays of a focused bean entering along its radii to form a spot at the flat surface of the hemisphere. The spot size is decreased from that in free space by a factor lln, where n is the refractive index.
Introduction
The spot size, defined as the distance between half power points of the focused beam in an optical storage system or optical microscope, is determined by diffraction to be approximately ').J(2xNA), where A is the free space wavelength, and NA is the numerical aperture of the objective lens defined by the relation NA = n sinS o where So is the maximum ray angle to the axis. For a standard compact disk with A= 0.78 }lm and NA = 0.45, the spot size is approximately 0.87 }lm. One approach for improving the definition is to work at shorter wavelengths, typically in the blue, which for NA = 0.55 yields a definition of about 0.4 }lm; another is to increase the numerical aperture as well as work at a shorter wavelength as in the DVD.
A further possibility is to employ near-field optics in the manner described by Betzig.
1 He used a tapered optical fiber covered with a metal film with a small pinhole at the end. The definition of the system is determined by the size of the pinhole, and can be 50 nm or less. The advantages of the system are its excellent definition and its polarization preserving capability for magneto-optic storage. The disadvantages of the system are its poor light efficiency with 30 -50 dBs of transmission loss, and the fact that it can only observe a single spot at a time, thus limiting its tracking ability.
We have developed a near-field system based on the solid immersion microscope2.3 which had on the order of 100 nm resolution with visible light. As can be seen from As illustrated in Fig. l(a) , if the SIL is in the form of a hemisphere, rays enter it along its radii from the objective and converge to its center on the flat surface of the hemisphere. If the refractive index of the SIL is n, the wavelength in this material is reduced by 1In and consequently the effective numerical aperture NAeffechve of the objective lens is increased by the refractive index n and the spot size decreased by a factor 11 n A second type of SIL, illustrated in Fig. l(b) , the supersphere, is based on the idea that a beam can be focused perfectly to a point inside a sphere of radius a at a distance a/n from its center. In this case, ray entering at an angle SI to the axis would be refracted to an angle Or from the axis, where sinS T = n sinS., and the effective NA is increased by a factor n 2 • So it is possible to work with an objective with a relatively small numerical aperture. The input beam must be incident on the SIL surface above the focal point on the sphere where the angle Or to the axis of the refracted ray is n/2. Thus, the maximum angle of incidence Si is given by the relation sinSi = Iln and the maximum effective numerical aperture that can be obtained is still NAeffective = n.
In our first experiments with solid immersion microscopy, we used a confocal microscope with a long working distance objective of numerical aperture 0.8 with an illumination wavelength of 436 nm, and a hemispherical solid immersion lens with a refractive index of 1.9 placed under it. The SIL had an effective NA of 1.52 and was used to image various small structures at a wavelength of 436 nm. The smallest structures imaged were the 100 nm lines and spaces in photoresist shown in Fig. 2 . In comparison, the smallest structures that were observed with the confocal microscope, with a 0.9 NA objective under the same conditions were 150 nm lines and spaces with a calculated minimum detectable periodicity of 242 nm (120 nm lines). The calculated minimum detectable periodicity for the SIL is 144 nm (72 nm lines). 
Demagnification and lens tolerance
An image formed by the input beam may be shown to be demagnified in the hemispherical SIL by a factor 1/n in both the radial and axial directions. The hemispherical SIL is extremely tolerant. By examining when the aberrations due to field curvature become large enough to cause a phase error of nl2 between the outer and inner rays of a focused beam, we find that the field of view of the hemispherical SIL, tJ..d max , is given by the relation
where a is the radius of the hemisphere. For A. = 436nm, n = 2, sine o = 0.8, a = 1 mm, we find that tJ..d max = 39
jlm. This is a relatively large field of view, and is the reason why the image in Fig. 2 extends over a relatively large region without appearing to be aberrated.
The tolerance in the axial direction is also broad. If the thickness of the hemisphere is changed, the input beam may be refocused to focus on the flat surface provided that the lens thickness varies by less than tJ..z max , where tJ..Z max = (2) One problem with the hemispherical SIL is that when it is used in a reflection microscope, even a confocal one, the reflected ray from the spherical surface is coincident with the reflected ray from the flat surface or from an object just below the flat surface, thus giving rise to interference effects. The use of a confocai microscope does not, by itself, eliminate this problem. However, in early experiments with these lenses mounted in a confocal microscope, we were able to use the good tolerance of the hemispherical SIL and design the lens with a depth a few microns different from a hemisphere, and adjust the focus to eliminate the reflection from the spherical surface. This property can be also be a very useful feature for optical storage for it implies that if an SIL of the same refractive index as the plastic covering of the optical disk is employed, spherical aberrations can be minimized. In the example, illustrated in Figs. 3 and 4, a design for NA < 1 used by Sony,5 the SIL and the plastic layer covering the magneto-optic film have a total thickness equal to that of a hemisphere. The objective is designed to compensate for aberrations in the air gap and the beam is focused onto the magneto-optic (MO) film. If the plastic layer varies in thickness, the objective can be moved to refocus the beam. Figure. 4 shows the wavefront mean square error Wrms for a singlet lens system with NA = 0.8 and for a double lens system of the type shown in Fig. 3 if both lenses are moved as the layer thickness is varied. If we use the Marechal criterion for the maximum value of Wrms = 0.07A., we see that the disk thickness error can be about 240 jlm with the two lens system and only 10 jlm with the single lens. Furthermore, there is the possibility of using multiple storage layers of phase change materials and focusing onto each one in turn while keeping the aberrations small. Hence by using two control systems to move both lenses, the group at Sony were able to increase the effective numerical aperture from 0.55 to 0.83 and minimize spherical aberration and problems due to fabrication errors.
For a supersphere, it can be shown that to first order in r, the radial demagnification is 1In 2 and the field of view is comparable to that of the hemispherical lens. The demagnification in the z direction is 11 n 3 However there is a first order error in the length tolerance tJ..z max which can be shown to be given by the approximate formula:
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Fields in the air gap
Questions that arise with the use of an SIL are the effect of the air gap on the point spread function (PSF) and the transmission efficiency, and the effect of multiple layers in an optical storage disk. It is also of interest for magneto-optical recording to determine whether the point spread function for optical rotation is the same as that for direct reflection. Consequently vector field theories have been developed for determining the fields outside the lens in air and in multiple layer systems such as that of an optical disk or with photoresist on silicon. 6 • 7 . 8 . 9 Mansuripur has developed a computer codes DIFFRACT, based on his theories, which can calculate the fields in a solid immersion lens system.6,7 A different code based on the use of Richards and Wolff's8 vector optic theory has been developed by Kino and his coworkers. As a first example, we consider the fields in air a distance h from the flat surface of the SIL (Fig. 5 ). There will be two components of the field, one associated with a propagating wave for which sinS < lIn , and the other with an evanescent wave for which sinS> lIn, where S is the angle between a ray inside the SIL and the axis. The point spread intensity functions for different air gaps h are shown in unnormalized and normalized forms in Fig. 6 . As might be exrected, the maximum intensity defined as I =~ 9f(E x H ) ,where the intensity is taken to be unity at the inside surface of the SIL, drops as the air gap is increased and the FWHM spot width increases from 250 nm by about 10% when the air gap is 100 nm. The maximum intensity at the outside surface of the SIL is about 0.85. It is an interesting fact that the intensity can be negative at certain radii, and is real even for the evanescent wave. However the total power flow over the area of the SIL is associated with the evanescent wave is zero. Thus, power flows radially from one region to another.
It will be seen from Fig. 7 that the evanescent component falls off fairly rapidly with the distance along the axis, h, and the intensity of the evanescent component is lower near the SIL than that of the propagating component. However, if the medium on which the beam is incident is lossy, real power flow is associated with the evanescent mode and its intensity can become relatively stronger. It is apparent from these results, which are taken for a numerical aperture of 0.7, that a spot size of the order of 250 nm is possible with a zero air gap, and that with an air gap of 100 nm, the spot size increase to 280 nm.
Optical Storage
Several years ago,3 we suggested the use of the SIL for optical storage and envisaged placing the lens in a floating bead in order to maintain an air gap of the order of 100 nm. If the spot size could be reduced by a factor of two, then its area could be decreased by a factor of four. By overlapping tbe spots, using high refractive index materi~ als for the SIL and decreasing the wavelength, we could then envisage obtaining storage of as much as 20 gigabytes on a 51/4" disk, with still larger numbers possible in the future.
It was, therefore, important to understand how the SIL performs with magneto-optic media. Would polarization rotation be maintained? Would the PSF for the rotated component be comparable to that of the incident beam? Would there be rotation of the plane of polarization in the SIL? For optical storage, since the storage disk is rotating rapidly, we concluded that it is only the changing component of the reflected beam tbat matters in the received signal. Since this component is associated with the domains that are formed by heating a spot on the disk in the presence of a magnetic field, the background rotation of the polarization is not of major consequence, although it can contribute to noise. As wilt be shown below, the PSF of the rotated polarization component is comparable to that of the incident beam although the sidelobe levels depend critically on the various layers used on the disk.
We have considered two cases:
NA < 1. In this case, which we have already discussed, the fields can propagate in the air gap, the air gap can be relatively large (75 pm) with 3 pm tolerance, and the disk can be removable. Dust is not a problem if the air gap is large. This system was demonstrated by Sony and in cooperation with Sony in our own laboratory~ NA > 1. In this case, the fields fall off exponentially in the air gap and the SIL~isk spacing must be of the order of 100 nm. The SIL is used as a flying head with an air bearing, much like a hard disk so that the spacing is automatically maintained as the disk rotates. This system was first demonstrated by IBM and is the one now being developed by TeraStor for fixed and removable disk systems.
The system first demonstrated by Terns et at n.lZ is shown in Fig. 8 . The SIL is mounted on a cantilever made of the same material and the total thickness of the SIL and cantilever is made equal to that of a supersphere. Thus, it is possible to form the flat piece of material in the shape required for a floating head on the disk, and to maintain the tolerances required for the supersphere. Using a material with a 1.83 refractive index, they first demonstrated that the spot size was reduced by the predicted amount, and that with a predicted NAeffective of 1.8 with a wave-4 length A. :::: 790 nm, they could obtain a spot size of 317 om, which compared favorably to the predicted value with an apodized beam of 304 nm spot size. They then demonstrated that they could store and read out magneto-optically with this flying head system. Normalized intensity point spread function for the transmitted wave at the surface of the magneto-optic film. The tracking signal is the directly reflected component. The rotated component is nonnally very small. However the signal used for readout from a magneto-optic disk is normally a tenn proportional to the product of the rotated component with the directly reflected component. It can be shown that this Kerr rotation term is proportional to lR =9t(EyH; -ExH;). Plots are given of lR as a function of the radius in Fig. 10 . It will be seen that the spot for the Kerr rotation is also slightly elliptical in this case and its diameter tends to be comparable to that of the incident beam spot. However the shape and intensity of this spot and its size is highly dependent on focusing conditions, on the numerical aperture, and the types of matching layers used.
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The TeraStor storage system
The TeraStor company is constructing a floating head optical storage system based on the solid immersion lens. A schematic of the basic floating head system is shown in Fig. 11 . The SIL and the objective are made in one block, so that no adjustment or control circuitry are required for a axial positioning. A small coil is placed around the SIL to allow direct overwrite of the disk. It is intended that this will be a removable disk system. So a great deal of care must be taken with protection from dust since the head floats less than ISO nm from the disk surface. The first devices should give 10 to 20 gigabytes of storage on a 5 114" disk. Further improvements can be made by going to shorter wavelengths using high refractive index material for the SIL, for example GaP with n = 3.4, or using multiple disks and multiple layers within a disk made of a material with the same refractive index as the SIL.
6. An alternative approacb Recently Ghislain and Elings have built a near-field microscope using a solid immersion lens. 13 The SIL, as shown in Fig. 12 , was tapered at its lower end to a cone half angle of 65°, and a supersphere was used with a material of refractive index 2.2 at a wavelength of 442 nm, and an apodized beam with an NAeJfective of 2, yielding a theoretical spot size of 120 nm. The SIL was mounted on a soft cantilever in a force microscope structure so that its distance from the sample could be controlled. The tip of the SIL was less than 1 J4m diameter, which made it possible to obtain very small spacing between the tip and the sample. This probe could be scanned to fonn a complete image in the same way as with a near-field scanning optical microscope (NSOM).
Images were taken of metal films laid down on glass with periodically spaced holes in them. Good optical contrast was obtained with a definition of the order of ISO nm. Other features with a definition of the order of 70 nm were observed. This phenomenon was thought to be due to topographical effects associated with the exponential fall off of fields away from the tip.
By scaling the size of the lenses to dimensions of the order of a few micrometers, and using micromachining techniques to manufacture them, it would be possible to mount them on cantilevers in the same manner as with scanning force microscopy. In addition, if multiple cantilevers and lenses were employed, parallel processing of images or storage processes could be obtained. This approach would need lenses only a few micrometers in diameter. In that case the supersphere and even aspherical lenses would become more useful, for now a 0.3 J4m tolerance, as we have calculated from Eq. (3), would only be a small fraction of the lens size.
Optical axiS
Outer rays 
Conclusions
The solid immersion lens is much more efficient than any other near-field system and yields correspondingly much higher data rates. The spot sizes obtained agree closely with theory. The floating head concept makes it possible to maintain gap spacings of less than 150 nm. Because of the large field of view of the SIL, it is possible to observe neighboring tracks on a storage disk, and to obtain a relatively large field of view in a direct view microscope,
The hemispherical SIL has relatively uncritical tolerances and low spherical aberration. This makes it very convenient to use in practical applications to optical storage. An interesting application of this lens is for working with a NAeffecn.. < 1, as in the Sony example, to obtain a higher value of NA than is usually possible and to make it possible to work with multiple storage layers.
The use of the supersphere makes it possible to work with an objective with a smaller aperture. If the size of the lens is reduced to a few micrometers, then the small tolerance normally obtained with the supersphere is not so criticaL
For the future, the use of a sharpened probe in a microscope makes it possible to obtain very small air gaps. As we have seen the employment of high refractive index materials in the SIL is highly advantageous. This should also be true for tapered NSOM probes of the type used by Betzig and others.! We are presently investigating micromachining techniques for SILs and for probes based on the SIL. We believe that with careful attention to optical design, we can obtain efficiencies with small probes comparable to those presently obtained with the SIL.
Near-field techniques are finding applications in microscopy, optical storage and possibly in lithography. The solid immersion lens is useful in this respect because of its high efficiency and simplicity.
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